A thieno-[3,4-b]-pyrazine-based molecule, F-DTP, was designed and synthesized for application as a red emitter in non-doped organic light-emitting diodes. F-DTP was designed with thieno-[3,4-b]-pyrazine as the luminescent core and pentaphenylphenylene (i.e. polyphenyl) groups as side arms. The peripheral phenyls on the polyphenyl arms were replaced by pentafluorophenyl rings to lower the lowest unoccupied molecular orbital level and thus enhance the electron-injecting feature of F-DTP. The photophysical, thermal, and electrochemical properties were investigated. F-DTP is characterized by a large Stokes shift of 113 nm. The bulky polyphenyl groups provide a site-isolating effect on the planar emissive core and thus effectively suppress unwanted intermolecular interactions. F-DTP was used as a non-doped emitter to fabricate an organic light-emitting diode by a vacuum evaporation technique. Red electroluminescence was obtained with a brightness of 1282 cd m À2 and a luminance efficiency of 0.7 cd A À1 .
Introduction
Over the past decade, organic light-emitting devices (OLED) have been drawing much attention owing to their practical applications in both large-area flat-panel displays and solid-state lightning. Among the three primary-colour light-emitting materials and devices, red ones still lag behind in terms of luminescent efficiency and operational lifetime. [1, 2] It is strongly desired, therefore, that highly efficient red emitters with good properties such as a large Stokes shift and excellent thermal stability are developed for application in OLED. A large Stokes shift is an essential parameter for light-emitting materials used in OLED, because strong selfabsorption due to spectral overlap between absorption and emission is definitely unfavourable to light output. [3] The thermal behaviour of organic compounds also has a critical influence on both the stability and the lifetime of luminescent devices. [4] Low thermal and morphological stability, along with electrochemical instability, usually lead to the degradation of the devices. Therefore, good thermal stability is essential to prepare homogeneous and stable amorphous thin films through vacuum deposition.
Thieno-[3,4-b]-pyrazine-based molecules are a series of red fluorophores that are characterized by a large Stokes shift of over 100 nm and good thermal stability. However, the planar structure of thieno- [3,4-b ]-pyrazine often leads to a dramatic decrease in fluorescence intensity in the solid state and poor solubility, due to the strong p-p stacking interaction. It is a typical strategy to tune the properties of planar molecules by modifying their molecular conformation. [5, 6] For example, bulky arms are usually incorporated around the emissive core so that the site-isolation effect minimizes undesired core-core interaction and prevents self-aggregation and concentration-quenching in the solid state. [7, 8] Moreover, the introduction of bulky peripheral groups is also helpful to produce a significant molecular weight and thus good thermal and morphological stabilities. In 2002, Tao and coworkers reported on a group of thieno-[3,4-b]-pyrazine-containing molecules and used them to fabricate non-doped red OLED. [3] In our previous publications, we also reported a series of thieno-[3,4-b]-pyrazine derivatives with polyphenyls or tetraphenylethylene as site-isolating groups surrounding the planar core. [9, 10] In this paper, we report the design and synthesis of a novel thieno-[3,4-b]-pyrazine-based molecule, F-DTP, (structure shown in Scheme 1) for application in OLED. F-DTP was designed by attaching four polyphenyl (i.e. pentaphenylphenyl) units at the 2,3,5,7-positions of the thieno-[3,4-b]-pyrazine core. The pentaphenylphenyl unit was selected as an important building block with the expectation that these bulky and threedimensional groups could prevent the planar core from stacking or emission quenching. [11, 12] The four peripheral phenyl rings of each pentaphenylphenyl unit were replaced by pentafluorophenyls with the aim that the strong electron-withdrawing fluorinated shell would help to improve the electron-injecting and transporting ability of the target molecule. [13] F-DTP designed in this way was expected to act as a non-doped emitting layer in OLED and exhibit efficient and pure red electroluminescence. without further purification. 1 H NMR spectra were recorded on Bruker Avance II (400 MHz) and Varian INOVA (400 MHz) spectrometers. 19 F NMR spectra were recorded on a Varian INOVA spectrometer (400 MHz). Mass spectra were recorded on a MALDI micro-MX (Waters, USA) for MALDI-TOF-MS (matrix-assisted laser desorption-ionization time-of-flight mass spectrometry). The fluorescence and UV-vis absorption spectra were measured on a Perkin-Elmer LS55 fluorescence spectrometer and a Perkin-Elmer Lambda 35 UV-visible spectrophotometer respectively. The fluorescence quantum yields were determined in dichloromethane or toluene solutions against rhodamine B as the standard (F ¼ 0.97 in ethanol). Thermogravimetry analyses (TGA) and differential scanning calorimetry (DSC) measurements were carried out using a Perkin-Elmer thermogravimeter (model TGA7) and a Netzsch DSC 204 at a heating rate of 108C min À1 under a nitrogen atmosphere. Cyclic voltammetry measurements were made using a conventional three-electrode configuration and an electrochemical workstation (model BAS100B) at a scan rate of 50 mV s À1 . A glassy carbon working electrode, a Pt-wire counter-electrode, and a saturated calomel electrode as reference electrode were used. All measurements were performed at room temperature on samples dissolved in CH 2 Cl 2 , with 0.1 M tetra-n-ethylammonium tetrafluoroborate as a supporting electrolyte.
OLED Fabrication and Measurements
The pre-cleaned indium tin oxide (ITO) glass substrates (30 O & À1 ) were treated with UV-ozone for 20 min. The F-DTP film and other organic layers were deposited by vacuum evaporation at a rate of 0.1-0.2 nm s À1 in a vacuum chamber with a base pressure less than 10 À6 pascal. Finally, a thin layer of LiF (1 nm) and 100 nm of Al were vacuum-deposited on top of the organic layers as a cathode. The emitting area of each pixel was determined by the overlapping of two electrodes as 9 mm 2 . The electroluminescence (EL) spectra, Commission Internationale de L'Eclairage (CIE) coordinates, and current-voltageluminance characteristics were measured with a computercontrolled Spectrascan PR 705 photometer and a Keithley 236 source-measure unit. All measurements were carried out under ambient conditions. The forward-viewing external quantum efficiency (Z ext ) was calculated using the luminance efficiency, EL spectra, and human photopic sensitivity.
Synthesis of Compound
The two important intermediates 1 [9] and 2 [11] were synthesized according to literature methods.
F-DTP
A solution of compounds 1 (200 mg, 0.37 mmol) and 2 (1.79 g) in o-xylene (10 mL) were stirred and heated under reflux for 72 h under nitrogen. After cooling to room temperature, the solvent was evaporated under reduced pressure. The crude product was purified by column chromatography on silica gel (CH 2 Cl 2 /light petroleum, 1 : 5) and then recrystallized (CH 2 Cl 2 /hexane, 2 : 3) to give the pure product as a red powder, yield 41 %, mp 4058C. d F (400 MHz, CDCl 3 , 258C) À137.69 to À137.90 (d), À138.45 to À138.65 (d), À139.76 to À139.91 (t), À149.15 to À149.38 (m), À150.58 to À150.81 (m), À159.35 to À159.55 (m), À159.74 to À159.80 (t), À159.82 to À159.88 (t), À160.02 (s). 
Results and Discussion Design and Synthesis
The chemical structure of and synthetic route to F-DTP are shown in Scheme 1. First, the two important intermediates 1 [9] and 2 [11] were prepared following literature methods. Then, F-DTP was synthesized through Diels-Alder cycloaddition of tetrakis(pentafluorophenyl)cyclopentadienones 2 to the four terminal ethynyl groups in 1. The Diels-Alder cycloaddition was carried out for a considerably long time under an atmosphere of nitrogen to ensure the complete conversion of all
Chemical structure of and synthetic route to F-DTP. ethynyl groups, and thus a moderate yield (41 %) of the product. F-DTP dissolves well in common organic solvents such as CH 2 Cl 2 , tetrahydrofuran, and ethyl acetate, so it was easily isolated and purified by column chromatography and recrystallization to reach excellent purity for OLED application. The chemical structure of F-DTP was confirmed using 19 F and 1 H NMR spectroscopy, and MALDI-TOF mass spectrometry.
Photophysical and Thermal Properties
The photophysical properties of F-DTP were examined from UV-vis absorption and photoluminescence (PL) spectra in CH 2 Cl 2 and toluene solutions. As shown in Fig. 1 , the absorption spectrum includes two major electronic absorption bands: a p-p* transition at 330-370 nm and a charge transfer (CT) transition at 470-530 nm. [3, 14] It should be noted that the absorption intensity of the long-wavelength band is much lower than the short-wavelength one, which is a common feature for many reported thienopyrazine-based compounds. [3, 9, 10] This is probably because of the CT transition nature of this band. As illustrated by the emission spectra in Fig. 1 , F-DTP emits strong orange-red fluorescence with a peak at 606 nm in CH 2 Cl 2 solution on photoexcitation. In comparison with the nonfluorinated analogue DTP, [15] the fluorescence of F-DTP exhibits a hypsochromic shift of 7 nm. F-DTP exhibits a moderate F F of 38.6 % in toluene solution. However, with increasing solvent polarity, F F in CH 2 Cl 2 is only a half of that in toluene. This interesting phenomenon can be attributed to dipolar quenching that occurs on interaction with a polar solvent. [3] As shown in Fig. 1 , the fluorescence spectrum of the F-DTP thin film is almost identical to that of the dilute solution in terms of both emission peak position and spectral profile. This benefits from the excellent site-isolation effect of the bulky arms on the emissive core, which prevents unwanted intermolecular interaction and spectral changes. It is clear that there is little overlap between the absorption and emission spectra of F-DTP. Calculated from the wavelength difference between the absorption maximum of the long-wavelength band and the fluorescence maximum, the Stokes shift of F-DTP in dichloromethane solution was determined to be as large as 113 nm. Such a large Stokes shift is especially valuable for light-emitting materials used in non-doped OLED because each emissive molecule is densely surrounded by the same kind of molecules in the neat film and limited self-absorption definitely facilitates efficient light output from the device.
The thermal properties of F-DTP were examined by DSC and TGA in a nitrogen atmosphere. The decomposition temperature (T d ) is defined as the temperature at which 5 % weight loss occurs during heating. F-DTP exhibits a relatively high decomposition temperature of 4388C. The DSC thermogram of F-DTP is shown in Fig. 2 . When a powder sample of F-DTP was heated at a rate of 108C min À1 , only an endothermic transition due to melting (T m ) was observed at 4058C. The same thermogram was obtained during a second heating run. No crystallization or glass transition was observed. The high values of decomposition temperature along with the melting point indicate the high thermal stability of F-DTP, which benefits from the contribution of the bulky polyphenyl groups.
Electrochemistry
The electrochemical behaviour of F-DTP was investigated by means of cyclic voltammetry measurements. Fig. 3 shows the cyclic voltammograms of F-DTP. During the anodic sweep, one reversible oxidation wave was detected. However, during cathodic scanning, one irreversible reduction process followed ). [16, 17] All these data are listed in Table 1 . The LUMO energy level of F-DTP is À3.44 eV, which is lower than its non-fluorinated analogue DTP (À3.42 eV) by 0.02 eV, even lower than the parent compound (À3.18 eV), which does not possess the peripheral polyphenyl arms, by 0.26 eV. [15] It can be seen unambiguously that the introduction of the fluorinated shell into the F-DTP molecule made it much easier to reduce. The LUMO level of F-DTP is even lower than that of the widely-used electron-transporting material TPBI (2,2 0 ,2 00 -(1,3,5benzenetriyl)tris(1-phenyl-1H-benzimidazole)) (À2.7 eV), [18] implying that efficient electron-injection at the F-DTP-TPBI interface can be expected when they are used in OLED.
Electroluminescence
In order to evaluate its electroluminescent properties, F-DTP was used as the emitting layer to fabricate non-doped OLED by a vacuum evaporation method. The OLED have a configuration of ITO/NPB (40 nm)/F-DTP (25 nm)/TPBI(40 nm)/LiF (1 nm)/Al (100 nm). In these devices, NPB is 4,4 0 -bis[N-(1-naphthyl)-Nphenylamino]biphenyl and acts as a hole-transporting layer, TPBI as an electron-transporting and hole-blocking layer owing to its fairly low HOMO energy level (À6.2 eV), and ITO and LiF/Al as anode and cathode respectively. As shown by the EL spectra in Fig. 4 , this OLED exhibits red electroluminescence with an emission peak at 616 nm. The EL spectra are independent of the driving voltage and the CIE coordinates stay almost constant at (0.61, 0.35), which offers better device operation compared with red OLED with dopants in which the colour changes with voltage. [15] In addition, the EL spectra have a similar spectral profile to the PL spectra of the F-DTP solid films (Fig. 1) , except for a slight red shift, indicating that charge recombination occurred in the F-DTP layer and the EL emission comes from the excited F-DTP molecules. It should be noted that a spectral red shift is frequently observed in EL of many light-emitting materials relative to their PL mainly because of the additional effect of the electrical field on the excited states. [9] The luminance-voltage-current density (L-V-J) characteristics and the efficiency curve for this OLED are displayed in Fig. 5 . The device turned on (to deliver a brightness of 1 cd m À2 ) Relative to rhodamine B standard (F ¼ 0.97 in ethanol). The excitation wavelength for quantum yield measurements was l exc ¼ 480 nm. C HOMO and LUMO energy were calculated with reference to a saturated calomel electrode. D The electrochemical band gap, determined as the potential difference between the onset of the first oxidation and reduction waves. at a relatively low voltage of 4 V and reached a high current density of 227 mA cm À2 at 10 V. The low driving voltage for this device can be ascribed to both efficient hole injection and electron injection at the interfaces between F-DTP and the adjacent layers. As shown by the energy level diagram in Fig. 6 , the hole barrier at the NPB-F-DTP interface and electron barrier at the F-DTP-TPBI interface are as low as 0.18 and À0.74 eV respectively. Such low charge barriers at interfaces, especially the negative electron barrier, are definitely favourable for the low driving voltage of the device. Accordingly, the device exhibited relatively high luminance with a maximum brightness of 1282 cd m À2 at 9 V. As illustrated in Fig. 5b , the device reached a maximum luminance efficiency of 0.70 cd A À1 at 13.6 mA cm À2 , corresponding to an external quantum efficiency of 0.39 %. The luminance efficiency revealed very slow decay with increasing current density. For example, the current efficiency remained at 0.67 cd A À1 at 100 mA cm À2 , representing an efficiency decrease of only 4 % from the maximum value. The efficiency still remains as high as 0.61 cd A À1 even at a high current density of 227 mA cm À2 . The slow decay is really a valuable advantage for an OLED, especially when it is operated under high electrical fields. Although the EL efficiency of the present OLED based on F-DTP is not comparable with some red-emitting devices containing either fluorescent or phosphorescent materials, it is still among the best data for thieno-[3,4-b]-pyrazine-based derivatives reported so far. [3, 9, 10, 17] For example, in an early report, thieno-[3,4-b]pyrazine derivatives [3] reached a maximum luminance efficiency of 0.34 cd A À1 and brightness of 1766 cd m À2 with a CIE of (0.65, 0.33). A higher efficiency of 0.65 cd A À1 was possible but at the expense of the emission colour shifting to orange (0.59, 0.33). The luminance efficiency of 0.70 cd A À1 for F-DTP is also comparable with that of its non-fluorinated analogue DTP (0.74 cd A À1 ). [17] Evidently, F-DTP is a promising red fluorescent material for application in non-doped OLED. It is suggested that the advantageous characteristics of F-DTP, including the extraordinarily large Stokes Shift, efficient solid-state emission due to a non-planar molecular conformation, and electron-injecting feature due to the fluorinated shell, combine to be responsible for the good performance.
Conclusions
We designed and synthesized a novel thieno-[3,4-b]-pyrazinecored molecule F-DTP for use in OLED. The bulky polyphenyl arms play an important role as site-isolation groups to prevent the planar thieno-[3,4-b]-pyrazine core from unwanted intermolecular stacking and emission quenching. F-DTP is characterized by a large Stokes shift and good thermal stability. The fluorinated shell of polyphenyl arms proved to favour a low LUMO level and easy electron injection. F-DTP was used as non-doped emitting layer to fabricate OLED by a vacuum evaporation technique. Red electroluminescence was obtained with a maximum luminance of 1282 cd m À2 and a current efficiency of 0.70 cd A À1 .
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